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Asymmetric Dark Matter and Effective Operators 

Matthew R. Buckley 1 
1 Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510 

In order to annihilate in the early Universe to levels well below the measured dark matter density, 
asymmetric dark matter must possess large couplings to the Standard Model. In this paper, we 
consider effective operators which allow asymmetric dark matter to annihilate into quarks. In 
addition to a bound from requiring sufficient annihilation, the energy scale of such operators can 
be constrained by limits from direct detection and monojet searches at colliders. We show that the 
allowed parameter space for these operators is highly constrained, leading to non-trivial requirements 
that any model of asymmetric dark matter must satisfy. 



Despite decades of experimental effort, remarkably lit- 
tle is known about the nature of dark matter. For many 
years, the leading theoretical class of candidates for dark 
matter has been a Weakly Interacting Massive Particle 
(WIMP). The success of this paradigm is due in large 
part to the surprising fact that a thermal relic with a 
weak-scale mass and interaction strength will have the 
correct dark matter abundance. However, it should be 
noticed that in most phenomenologically viable models, 
some level of fine-tuning is necessary, weakening the mo- 
tivations behind the 'WIMP miracle' (see, for example 
Ref. PQ). 

Recently, a proposal for an alternative origin of dark 
matter has gained in prominence: that of asymmetric 
dark matter (ADM) [2HT4] (for earlier works along similar 
lines, see Refs. [T5ti25| ). In this class of models, the co- 
incidence of energy densities of baryons and dark matter 
(which differ only by a factor of ~ 6) is taken as the driv- 
ing motivation. This leads to the conclusion that dark 
matter, like baryons. should be composed of a particle \ 
with a quantum number X which is conserved at low en- 
ergies and generated through some X- violating process, 
rather than consisting of a thermal bath of xlx parti- 
cles with the X number of the Universe equal to zero. 
The similarity of the baryon and dark matter densities 
suggests that the X-violating process should somehow 
be connected to B or L number violating processes that 
must have occurred in early Universe baryogenesis. The 
larger density of dark matter can then be explained either 
through a dark matter mass m x of the order 4—10 GeV 
(such models include darkogenesis [T^] and hylogenesis 
[5]), or by a much heavier dark matter mass (weak scale 
or above) combined with a mass suppression during the 
era of X — B transfer (Xogenesis [7]). 

The large number of proposed ADM models differ 
wildly in their explanation of the origin of the X asym- 
metry, the mechanism of transfer of asymmetry from the 
dark to the visible sectors, and the required mass m x . 
However, there is one universal requirement that every 
model must meet: the thermal relic density of x/x (t ne 
symmetric component of dark matter) must be compose 
only a small fraction of dark matter's total contribution 



to the Universe's energy budget. 1 

Since the contribution to the matter density of the 
symmetric component is much less than Hdm, the ther- 
mal cross section in the early Universe must be signif- 
icantly larger than that usually assumed for a WIMP. 
Thus, in ADM either there must be large couplings be- 
tween the dark matter and some visible sector parti- 
cles, or additional very light states in the dark sector 
into which the dark matter can annihilate without over- 
closing the Universe. In the former scenario, the required 
large interactions with the Standard Model may result in 
direct detection cross sections that can be probed by cur- 
rent experiments. 

In this paper, we consider effective operators between 
two dark matter particles and two quarks. The effective 
operator formalism allows us to remain agnostic as to 
the particle content at high energy scales, by considering 
only operators that respect Standard Model gauge in- 
variance after electro-weak symmetry breaking and cou- 
ple the dark matter directly to the Standard Model fields. 
In order to include the low-energy effects of any unknown 
high-mass particles, we add operators to the Lagrangian 
that are of dimension greater than four. Such opera- 
tors must be suppressed by an energy scale A, which is 
roughly equivalent to the mass of the mediating particle 
over the coupling at the high scale. 

A familiar example of effective operators is the four- 
fermion interaction, which accounts for the weak interac- 
tion at scales much less than the mass of the W and Z 
bosons. In this case, the dimension six operator is sup- 
pressed by the Fermi constant, which in the language of 
this paper would be expressed as Gf = A~ 2 . In this par- 
ticular example A would be defined as 2 5 / 4 mw / g, where 
mw is the W boson mass, and g is the weak coupling 
constant. 

Such effective operators preserve both X and B, and 



While it is certainly possible for both symmetric and asymmet- 
ric components to contribute significantly, this requires multiple 
coincidences in the operators responsible for both transfer and 
annihilation. Such a model may be found in Ref. |10| , While in 
this paper we shall not consider this possibility in more depth, 
we include results applicable to pure symmetric dark matter, al- 
lowing the reader to interpolate the results for a mixed scenario. 
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so are not related to the origin of dark matter or baryons, 
however they are necessary components for any successful 
ADM model. Assuming that the symmetric component 
of dark matter makes up less than 10% of the total 57dm , 
we place upper bounds on the suppression scale A for each 
operator for both complex scalar and Dirac fermion dark 
matter. 2 Comparison with the predicted direct detection 
cross section with the current experimental bounds can 
then used to place lower bounds on A for many of the 
operators. Monojet plus missing energy ($t) searches 
at the Tevatron, which would arise from pair production 
of dark matter plus a jet (used for the event trigger) can 
also place lower limits on the suppression scale [27fl - f2"5] . 

As we shall show, these bounds place severe restric- 
tions on the allowed range of the scale A; in fact, they 
completely exclude the entire parameter space for several 
classes of operators. From this, we can greatly constrain 
the possible interactions for any asymmetric dark mat- 
ter model. In using the effective operator formalism, this 
paper has similarities to the work of Refs. [26H29] . which 
consider the bounds on effective operators for symmetric 
dark matter. As we will show, the application of these 
bounds to the asymmetric dark matter leads to some 
very interesting conclusions: namely that (outside some 
tightly constrained regions of parameter space) a success- 
ful model of asymmetric dark matter must contain new 
light states, leptophilic couplings, or new confining gauge 
interactions. These conclusions should be taken into ac- 
count when considering motivations for asymmetric dark 
matter model-building. 

There are, of course, two major assumptions under- 
lying this approach which deserve to be stressed at this 
point. First, that the same operator that over-annihilates 
dark matter in the early Universe is active today, and sec- 
ond that the annihilation operator allows for couplings 
of dark matter to quarks. The latter assumption allows 
the operators to be bounded by results from direct de- 
tection and hadronic collider experiments, though lep- 
tophilic dark matter can be probed by LEP searches [55] 
instead. Dark matter which annihilates into some new 
light state of the dark sector is much more difficult to 
probe, though by the assumption of ADM such states 
must be light enough not to dominate the matter den- 
sity, while also evading BBN constraints on relativistic 
degrees of freedom. 

The assumption that a single operator is responsible 
for both direct detection and over-annihilation is pri- 
marily made for simplicity: the derived bounds on op- 
erators would not apply to scenarios with (for exam- 
ple) composite dark matter O or dark atoms 
[35] , In both cases the present-day direct detection 



2 Majorana fermions and real scalars possess no conserved global 
current X , and so are not good candidates for ADM. Small Ma- 
jorana masses — leading to \ ~ X oscillations on cosmological 
timescales - are not ruled out in ADM models, but can be ig- 
nored for the purpose of this paper. 



cross sections are suppressed by form factors (though 
the collider bounds would be unaffected) . These assump- 
tions are fairly strong, but - as will be demonstrated - 
the operators considered in this paper are highly con- 
strained. Therefore, should future direct detection and 
collider bounds completely rule out the operator param- 
eter space, then we can conclude that the dark sector in 
ADM models is either leptophilic, composite, or contains 
some additional light states into which the dark matter 
can annihilate (but which does not contribute greatly to 
the present day energy density). 

In this paper, we consider eight possible effective 
operators linking dark matter with quarks through a 
weakly coupled UV completion. We ignore some possible 
additional operators which contain mixed axial/vector 
or pseudoscalar/scalar interactions (e.g. we consider 
Xf7 5 Xf<?7 5 <7 but not XFXF<ll b q) as the derived bounds 
are very similar to the ones placed on the operators writ- 
ten below. The operators of interest for complex scalar 
dark matter (denoted xs) are 

£s,s = -Axlxsqq (i) 

£s.p = ^X*sXsQl 5 q (2) 

£-sy = j^x*s d nXsTi tl q- (3) 

Dark matter composed of Dirac fermions is denoted XFi 
and the effective operators under consideration are: 



'■F,S — 
■F,P = 


m q _ 

j^XFXFqq 

m ? - 5 - 5 

j^Xfi XFqi q 


(4) 
(5) 


F,V — 


j^XFi^XFqi^q 


(6) 


■F.A = 


-^XFi^i^XFqi 5 !^ 


(7) 


■F,T — 


^XF^XFqcr^q 


(8) 



The second subscript (S, P, V, A, or T) refers to scalar, 
pseudoscalar, vector, axial-vector, and tensor interac- 
tions respectively, while the first (S or F) refer to the 
spin of the dark matter (scalar or fermion) . We have as- 
sumed that the coupling to quarks is flavor-blind, and so 
Eqs. 0-([8| should be thought of including an implicit 
sum over all six quark flavors. We shall comment later 
on the implications of relaxing this constraint. 

Annihilation in the early Universe can proceed through 
either s- or p-wave processes (or some combination 
thereof). The latter case is velocity suppressed, while 
the former contains terms that are independent of v. 
The interactions in Eqs. ^ and Q are exclusively p- 
wave. For each operator, we can calculate the cross sec- 
tion times velocity, expanding out to second order in v 
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(see Refs. [Ml [37] for details): 
3 



( a \ v \)s,s 
OMkp 

(cr\v\)s,v 



8ttA 4 



8ttA 4 



3m£ 
6ttA 4 




OM)f,P 




(12) 
(13) 



(14) 



8m 4 — 4m 2 m x + 5m 4 



24m|(m 



8m^ - 22m.2 TO 2 



(a|H) 




(15) 



(16) 



Effective operators involving leptons rather than quarks 
would give similar results for a\v\, divided by an overall 
factor of 3 to account for the quark color. 

Defining a\v\ = a + bv 2 + 0(v 3 ), the relic abundance 
of the symmetric dark matter component after thermal 
freeze-out is 



(1.04 x 10 9 GeV)x/ 
-^Piy / ff*( a + 3b/xf) 



(17) 



Here, Mp\ is the reduced Planck mass, Xf is the ratio of 
dark matter mass to temperature at freeze-out (detailed 
calculation shows that Xf ~ 20 — 30 [35]), and ^fgl is 
the number of effective degrees of freedom at the time 
of freeze-out. Requiring that the symmetric dark matter 
contributes less than 10% of the total, we can place an 
upper bound on the scale A of the higher dimensional op- 
erators. This choice is somewhat arbitrary, but without 



significant dilution of symmetric dark matter relative to 
the asymmetric component, there would be little hope in 
experimentally differentiating the two (and indeed, little 
reason to refer to the model as "asymmetric"). The re- 
sulting constraints on A as a function of m x are shown 
in Fig. [TJ along with the limits for a thermal WIMP 
(i.e. dark matter who's symmetric component makes up 
100% of the dark matter in the Universe). These latter 
limits are equivalent to those of Ref. . 

Even before considering bounds on the couplings from 
direct detection, we can already place significant con- 
straints on the scale A by requiring that the effective 
operators arise from a weakly coupled UV completion. 
In that case, we require that any exchanged particle 
must have a mass greater than 2m x . With the addi- 
tional requirement of perturbative couplings, we find that 
m x < 2irA. As can be seen in Fig. [TJ this requirement 
severely limits the range of A and m x that can provide 
sufficient annihilation for many of the operators, and ef- 
fectively places an upper bound on the mass of dark mat- 
ter in these scenarios. However, this bound is somewhat 
porous, as the factor of 2-7T is not a hard limit. Other 0(1) 
factors may reasonably be adopted, however this does 
not qualitatively change our conclusions. While one may 
certainly imagine non-perturbatively coupled dark mat- 
ter scenarios (e.g. technicolor or composite dark matter 
14, 30 -34 ), in those cases it is not possible to calcu- 
late the relevant cross sections, and so to make quanti- 
tative predictions we must insist that A > m x /2i:. In 
any event, a strongly-coupled theory would contain ad- 
ditional states, which as we have noted, are a possible 
method of evading the bounds derived in this paper. 

We next consider the constraints on A from direct de- 
tection. For each operator in Eqs. Q-Q, we calculate 
the resulting spin-dependent or spin-independent elastic 
scattering cross section as a function of dark matter mass 
and scale A [36j |37l [39] . Comparison to the experimental 
upper limits on the nucleon-DM scattering cross section 
a X N allows us to place lower limits on A as a function of 
m x . Note that for m x < 5 GeV, no bounds are set by 
the current experiments. 

The strength of the direct detection bounds depends 
greatly on whether the dark matter interacts with nucle- 
ons via spin-dependent or spin-independent interactions. 
Of the effective operators of interest in this paper, the 
scalar and vector interactions (Eqs. ([TJ, ([3]), Q, and ([6])) 
induce spin-independent scattering, while the fcrmionic 
axial and tensor interactions (Eqs. ^ and ^) result 
in spin-dependent scattering [3U]. Note that the pseu- 
doscalar interactions (Eq. ^ and (|5|) do not lead to ei- 
ther spin-dependent or spin-independent couplings that 
are velocity independent. We include the derived bounds 
from the resulting spin-dependent direct detection cross 
section \26V ], which are proportional to powers of the 
momentum transfer q = x /2m x En (here Er is the en- 
ergy of the recoiling nucleon; we assume En ~ 50 keV). 
As can be seen in Fig. [TJ the resulting bound on A from 
these g-dependent interactions are extremely weak; in 
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fact, they require a mediator mass typically less than the 
mass of the dark matter. 

The spin-independent constraints are taken from 
CDMS [HI 02], CoGeNT [43], CRESST [44], XENON-10 
05], and XENON- 100 gS]. For dark matter with mass 
between - 5-80 GeV, XENON-10 and XENON-100 pro- 
vide the best limits at the present time. Above this range, 
CDMS has the best constraint. For very low masses, near 
~ 1 GeV, the CRESST detector has the most stringent 
bounds. In the intermediate region, CoGeNT and the 
CDMS low threshold [42] dominate. Spin-dependent con- 
straints are a combination of COUPP [47], CRESST [44], 
and PICASSO [28] . the last of these providing the best 
limits between -5-100 GeV, while CRESST dominates 
in the very low mass window. 

The underlying assumption should again be noted: we 
are requiring that the same operators responsible for the 
thermal relic abundance will be responsible for any direct 
detection interaction. If, for example, the dark matter 
had large couplings to leptons (i.e. small A for XX^'type 
operators) , this could provide sufficient suppression of the 
symmetric component, while a separate operator would 
be responsible for direct detection. We will have more to 
say on this in the conclusion. 

Finally, we can consider constraints on effective op- 
erators searches at the Tevatron [26H28] . We use the 
bounds from Ref. [25], as all the operators in Eqs. ([!])- 
^ are considered. For each operator, the resulting cross 
section for dark matter pair production plus an extra jet 
was compared to the searches performed in the monojct 
+$t channel at CDF [3H]. As the experimental data 
is in agreement with the Standard Model, lower bounds 
are placed on A for each operator. While the range of 
dark matter masses that can be probed by this method 
is limited, these constraints do provide a bound which is 
in several cases complimentary to that provided by direct 
detection. 

We show the remaining allowed regions in Fig. [I] in 
grey. In total, we see that the four requirements (over- 
annihilation, direct detection, Tevatron monojets, and 
consistency of the effective operator expansion), com- 
pletely exclude four classes of asymmetric dark matter 
over the entire mass range. It is interesting to note that 
this is also true for many effective operator expansions 
for WIMP thermal dark matter, as has been noted be- 
fore [36j , and can be seen in Fig. [I] by considering the 
fi DM /i 2 =0.1 line for A. 

Several windows in A vs. m x space remain open for 
pseudoscalar, axial, and tensor operators. Many of these 
are in the low mass (~ 5—10 GeV) region, which is espe- 
cially intriguing in the context of ADM. Monojet searches 
at the LHC with 100 fb _1 of data may reasonably be 
expected yield a factor of O(10) improvement over the 
Tevatron bounds and extend them to higher m x |28j . 
This would allow most of the remaining pseudoscalar and 
axial windows to be closed, and greatly reduce the al- 
lowed parameters for the tensor case. It is clear then, 
that asymmetric dark matter coupled to quarks via ef- 



fective operators are highly constrained by the data. 

We now briefly mention the impact of generation or 
flavor dependent couplings on the bounds for A. Clearly, 
we cannot perform an exhaustive analysis, as there are 
a limitless set of possible flavor-dependencies that can 
be added to the effective operators. In general, coupling 
to fewer generations will make the upper bounds com- 
ing from the over-annihilation constraint much more re- 
strictive. As there are fewer Standard Model particles 
involved in the annihilation process, each particle which 
does interact must do so more efficiently. Thus, A must 
be lower. Combined with the A > m x /2ir bound, this 
can completely exclude scalar and pseudoscalar media- 
tors, for example if the dark matter couples only to u 
and d quarks. 

The changes to direct detection bounds in a flavor- 
dependent scenario are more complicated. Vector medi- 
ators depend only on the couplings to u and d quarks, 
so restricting couplings only to these two flavors will not 
change the bounds, while coupling to the heavier genera- 
tions will completely eliminate it. Scalar, axial, and ten- 
sor interactions depend most heavily on u, d, and s cou- 
plings; eliminating these will cause the bounds to loosen 
considerably. 

Flavor dependent constraints from monojets are inves- 
tigated in Ref. [26 . Couplings to u quarks are the most 
constrained, followed by d and s, as expected for results 
from a proton-antiproton collider. Reducing the number 
of quarks that couple to dark matter allows each coupling 
to be larger, thus setting a less restrictive lower limit on 
A, as can be see by comparison of the results of Ref. [26] 
and Ref. [23]. ' 

Returning to the general case, even when certain op- 
erators are completely excluded, it is obvious that many 
possibilities exist to which would allow us to escape the 
conclusions of the analysis presented above. For example, 
the annihilation could not proceed through dark matter- 
quark interactions, or perhaps the assumption that the 
annihilation proceeds through an effective operator could 
be incorrect. In both cases, this communicates valuable 
information about the structure of any asymmetric dark 
matter model. Let us consider each in turn. 

If we imagine asymmetric dark matter avoids the con- 
straints derived in this paper by annihilating primarily 
into some other light field, then one possible explana- 
tion is that the fundamental field which was integrated 
out in the effective operator is leptophilic. This is an in- 
triguing possibility in light of the models of leptophilic 
dark matter (see, for example, Ref. jSUHSS]) which at- 
tempt to explain anomalies in the PAMELA positron 
fraction [53] and Fermi Gamma-Ray Space Telescope 
e + + er spectrum |57j . Effective operators involving lep- 
tons would not be greatly constrained by direct detection, 
however the over-annihilation requirement would remain, 
as would the A > m x /2ir constraint. The monojet search 
could be replaced by a monophoton search at LEP |29j . 
though the mass range would be limited. 

Alternatively, the dark matter could annihilate effi- 
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FIG. 1: Constraints on the scale A as a function of dark matter mass m x for the eight operators of Eqs. (|l])-(|8| (in order left 
to right and descending). Solid blue curve is the upper bound on A from the requirement that the symmetric component of 
dark matter compose less than 10% of the measured value in the Universe (dotted blue is the value of A that gives the total 
amount, i.e. in a thermal dark matter scenario). Solid red is the lower bound on A from direct detection experiments. Dashed 
red is the lower bound on A from Tevatron monojet searches, taken from Ref. [55] (see also [26, 27 ). Black solid line shows the 
lower bound from the requirement that A > m x /2n. Regions above the monojet and direct detection minimum m x which are 
allowed after all constraints are shown in grey. See text for further details. 



ciently into some new dark state that is either very light 
or unstable, decaying into Standard Model particles be- 
fore Big Bang Nucleosynthesis (BBN) (see for example 
Ref. [58]). In the former case, CMB and BBN constraints 



on the number of relativistic species (usually stated in 
terms of the number of neutrino flavors) must be avoided. 
This could be achieved through significant entropy injec- 
tion into the thermal bath after dark matter annihilation 



(> 



decouples [59| . In any event, this possibility requires an 
extended dark sector in addition to the dark matter and 
the high-scale mediator. 

Finally, the results of this paper could be interpreted to 
mean that the annihilation and scattering of asymmetric 
dark matter cannot be written in terms of an effective 
field theory. This may mean that the coupling to the 
mediator is non-perturbative; as in the case of quirky 
asymmetric dark matter [BU] or composite [21 I5UH54"] . 
Alternatively, the mediator mass could simply be lower 
than the cutoff of m x /2ir. This is an interesting possi- 
bility, because it requires that ADM not be "maverick" 
[ST] , That is, additional light states would be required in 
order to satisfy all the experimental constraints. Should 
this possibility be born out, this would again be very in- 
teresting in the context of the light mediator solutions 
[501 162H67] of the PAMELA and Fermi anomalies. 

In this paper, we have investigated effective operators 
suppressed by a scale A connecting dark matter to quarks 
in the context of asymmetric dark matter models. The 
large couplings (compared to that of a WIMP model) 
required by the over-annihilation of ADM in the early 
Universe, combined with experimental constraints from 
direct detection and Tevatron searches greatly constrain 
the parameter space of A as a function of dark matter 
mass m x . Only relatively narrow windows - including 
several at low mass where many ADM models prefer the 
dark matter to be - remain for most of the operators, 
and future LHC data can be expected to close many of 
these. 



As efficient thermal annihilation is the one universal 
requirement of ADM, we consider it useful to clearly 
set forth the bounds which any such model must sat- 
isfy. Most currently existing models of ADM evade these 
constraints though various method. In this paper, we 
have outlined several general techniques for doing so: 

• by annihilation into leptons, 

• by annihilation into additional dark states which 
are very light or unstable, 

• low mass mediators that cannot be written as ef- 
fective operators, 

• new confining gauge groups in the dark sector. 

It is interesting to consider the implications of these pos- 
sibilities. Outside a narrow range of parameters, the 
experimental constraints seem to push asymmetric dark 
matter into scenarios which arc cither leptophilic or con- 
tain additional light states. 
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